Transcranial direct-current stimulation (tDCS) is a noninvasive method for modulating human brain activity. Although there are several hypotheses about the net effects of tDCS on brain function, the field's understanding remains incomplete and this is especially true for neural oscillatory activity during cognitive task performance. In this study, we examined whether different polarities of occipital tDCS differentially alter flanker task performance and the underlying neural dynamics. To this end, 48 healthy adults underwent 20 min of anodal, cathodal, or sham occipital tDCS, and then completed a visual flanker task during high-density magnetoencephalography (MEG). The resulting oscillatory responses were imaged in the time-frequency domain using beamforming, and the effects of tDCS on task-related oscillations and spontaneous neural activity were assessed. The results indicated that anodal tDCS of the occipital cortices inhibited flanker task performance as measured by reaction time, elevated spontaneous activity in the theta (4-7 Hz) and alpha (9-14 Hz) bands in prefrontal and occipital cortices, respectively, and reduced task-related theta oscillatory activity in prefrontal cortices during task performance.
| INTRODUCTION
Transcranial direct-current stimulation (tDCS) is a noninvasive method for modulating human brain activity, which involves placing sponge or metal electrodes on the scalp and delivering low amplitude directcurrent to regions of the brain. This stimulation is not strong enough to induce action potentials, but instead is thought to modulate the excitability of the underlying neuronal tissue by altering the response threshold of stimulated neurons (Filmer, Dux, & Mattingley, 2014; Fertonani & Miniussi, 2017) . Such alterations in response threshold are likely due to changes in the ionic environment surrounding the neuronal ensembles (Liebetanz, Nitsche, Tergau, & Paulus, 2002; Nitsche, Liebetanz, et al., 2003a; Nitsche, Nitsche, et al., 2003b; Nitsche & Paulus, 2000 , 2001 Coffman, Clark, & Parasuraman, 2014) , with studies suggesting that anodal tDCS increases neural excitability by decreasing local GABA-ergic activity and that cathodal stimulation decreases excitability by decreasing glutamate (Bachtiar, Near, Johansen-Berg, & Stagg, 2015; Kim, Stephenson, Morris, & Jackson, 2014; Liebetanz et al., 2002; Nitsche et al., 2005; Stagg, Best, et al., 2009a ). Such alterations have been shown to extend well beyond the duration of stimulation (Bachtiar et al., 2015; Kuo et al., 2013) . However, it should be noted that there are different views on the source of tDCS-induced excitability changes (Jackson et al., 2016; Lafon, Rahman, Bikson, & Parra, 2017) , and knowledge of the cellular and molecular neurobiology of tDCS continues to evolve.
Visual selective attention is the cognitive process of selecting important information within the larger visual field, while simultaneously blocking out distracting or unrelated stimuli (Carrasco, 2011; Driver, 2001) . It is critical to human performance across a variety of functional domains and cognitive tasks, and consequently there has been extensive, prolonged interest in enhancing visual attention function in healthy adults, as well as improving or normalizing such processes in multiple patient populations. Previous electrophysiological studies have shown that task-related oscillations in the theta (4-7 Hz), alpha (9-14 Hz), and gamma (> 30 Hz) range are associated with performance on attention-demanding tasks. For example, studies have implicated theta activity as a coding scheme for the temporal organization of events in visual attention and more broadly in attention processing (Landau & Fries, 2012; Landau, Schreyer, van Pelt, & Fries, 2015; Verbruggen et al., 2010) . Further, increased synchronization in the alpha band has been shown to index the directed inhibition of incoming visual stimuli in the occipital cortices (Handel, Haarmeier, & Jensen, 2011; Spaak, de Lange, & Jensen, 2014) , while visual gamma activity is known to be modulated by attention allocation (Doesburg, Roggeveen, Kitajo, & Ward, 2008; Tallon-Baudry, Bertrand, Henaff, Isnard, & Fischer, 2005; Vidal, Chaumon, O'Regan, & Tallon-Baudry, 2006) , particularly by top-down signals from frontal regions that have also been implicated in attention (Baldauf & Desimone, 2014; Doesburg et al., 2008; Marshall, O'Shea, Jensen, & Bergmann, 2015) . Numerous functional neuroimaging studies have shown that visual selective attention is served by distributed processing across widespread cortical networks (Clark, Squire, Merrikhi, & Noudoost, 2015; Corbetta et al., 1998; Petersen & Posner, 2012; Vossel, Weidner, Driver, Friston, & Fink, 2012) , and a classic cognitive task for studying such processes is the Eriksen flanker task (Eriksen & Eriksen, 1974) . In this task, participants are presented with a target stimulus that is surrounded by nontarget or "flanker" stimuli, and the participant is instructed to respond to the target and ignore the flanking items. The flanker task normally includes congruent trials, where the flanker stimuli match the target and facilitate task completion, and incongruent trials, where the flanker and target stimuli are opposite and thus create an interference effect that hinders task performance (i.e., prolongs reaction time). Despite this interference effect, participants generally have high accuracy rates, and this is thought to reflect successful utilization of visual selective attention functions, as participants are able to focus on the target and ignore the flanking stimuli.
Several behavioral studies have already used tDCS to modulate attention and performance during flanker tasks (Gbadeyan, McMahon, Steinhauser, & Meinzer, 2016; Karuza et al., 2016; Nozari, Woodard, & Thompson-Schill, 2014; Zmigrod, Zmigrod, & Hommel, 2016) , but these studies have had mixed results, with some showing improved performance and others showing decrements following tDCS. Of course, some of this variability reflects methodological differences (e.g., tDCS montage, duration/amplitude of tDCS, online/offline, etc.) between studies, but another contributing factor is the field's limited understanding of how tDCS affects the underlying neural populations and their inherent dynamics.
Several electrophysiological studies have examined the neural oscillatory alterations associated with online tDCS, although their findings have been complicated and much work remains to be done.
Two of these studies used magnetoencephalography (MEG) and focused on task-related oscillations elicited by standard visual stimuli (e.g., spatial gratings) during occipital tDCS (Hanley, Singh, & McGonigle, 2016; Marshall, Esterer, Herring, Bergmann, & Jensen, 2016) . The Marshall et al. (2016) study examined both occipital alpha and gamma oscillations but found no significant changes during tDCS. Of note, they did report that cathodal stimulation over occipital cortices decreased basal alpha and gamma activity, but these changes were not affected by the visual stimuli (Marshall et al., 2016) . The Hanley et al. (2016) study examined occipital gamma and motor-related beta oscillations immediately before, during, and after tDCS using two different montages. Interestingly, they found no significant changes in motor cortices regardless of montage, and paradoxical changes in occipital gamma responses when using the motor-montage, but not the occipital montage (Hanley et al., 2016) . Two other MEG studies of online tDCS were recently published, although both of these studies focused on the feasibility of source imaging using MEG data that was collected concurrently (online) with tDCS (Garcia-Cossio et al., 2016; Soekadar et al., 2013) . Finally, one recent MEG study utilized offline tDCS and evaluated the neural oscillatory activity serving swallowing in Parkinson's disease (Suntrup et al., 2013) .
In this study, we apply tDCS to visual cortices that are central to attention function and determine the impact of such stimulation on flanker task performance (i.e., reaction time) and regional neural responses measured by MEG. To this end, we applied anodal, cathodal, and sham tDCS using an occipital-supraorbital electrode configuration (i.e., montage) in healthy participants, and then recorded MEG during an offline arrow-based flanker task. We used this occipitalsupraorbital montage to maximize stimulation of the occipital cortices, while minimizing electrical shunting through the scalp (Moliadze, Antal, & Paulus, 2010) . We hypothesized that participants in both of the active tDCS groups would show significant alterations in task performance, task-related neural oscillations, and spontaneous activity relative to the sham group. Specifically, we hypothesized that anodal tDCS would increase neural excitability and that this would be reflected by increased spontaneous neural activity at the site of stimulation, as well as within connected brain regions. We also hypothesized that cathodal tDCS would decrease neural excitability in affected cortical regions.
| MATERIALS AND METHODS

| Participants
Forty-eight healthy adults (21 females; mean age: 24.13 years, range: 20-30 years) were recruited from the local community. All of the participants were right-handed, and none of the participants had previously undergone tDCS. Exclusionary criteria included any medical illness affecting CNS function (e.g., psychiatric and/or neurological disease), known brain neoplasm or lesion, history of significant head trauma, current substance abuse, and ferromagnetic implants. Note that none of the enrollees in this study were participants in our recent normative flanker study (McDermott, Wiesman, Proskovec, HeinrichsGraham, & Wilson, 2017 
| Transcranial direct-current stimulation (tDCS)
Across all three groups, a 5 × 7 cm sponge electrode was positioned over midline occipital cortex near the calcarine fissure, and a second 5 × 7 cm sponge electrode was positioned over the right supraorbital cortices, which is used as a reference in most tDCS studies. The electrodes were stabilized using an elastic band that was secured around each participant's head. In the "anodal tDCS" group, the midline occipital electrode served as the anode and the supraorbital electrode served as the cathode. In the "cathodal tDCS" group, the polarity was reversed so that the midline occipital electrode served as the cathode, while the anode was positioned over the right supraorbital. In the "sham tDCS" group, the electrodes were in the same locations but were only briefly activated (see below). Each tDCS sponge electrode was soaked in saline solution and positioned on the head using the International 10/20 system (Jasper, 1958; Klem, Luders, Jasper, & Elger, 1999) , which is commonly employed in EEG, fNIRS, and tDCS studies (e.g., Wilson, Kurz, & Arpin, 2014) . In this experiment, the occipital electrode was positioned on the midline and centered about 12.5% above the inion, which corresponds to approximately 2.5% superior to Oz. The frontal electrode was centered directly lateral to Fp2 by approximately 7.5%, which is one of the most common areas for cathodal placement (Filmer, Dux, & Mattingley, 2014) . Importantly, Okamoto et al. (Okamoto et al., 2004; Okamoto & Dan, 2005) have developed a method for transforming the scalp-based International 10-20 coordinate system to Montreal Neurological Institute (MNI) based coordinates. Briefly, using data from a large sample of healthy adults, they developed a probabilistic distribution of the cortical projection points in MNI space that corresponds to input coordinates from the International 10-20 system (Okamoto et al., 2004) . Based on their data, coordinates in the International 10-20 system (i.e., scalpbased) can be estimated in MNI space with an average standard deviation of 8 mm (Okamoto et al., 2004) , which is almost negligible given the size of our 5 × 7 cm tDCS sponges. Thus, we computed the coordinates of each of our sponges in the International 10-20 system, and then used the transformation methods provided by Okamoto et al. (2004) to obtain the MNI coordinates that corresponded to these scalp based locations. These data indicated that the occipital electrode was near the calcarine fissure, while the frontal electrode was over right supraorbital cortices. Three-dimensional current density modeling of the stimulation was then performed using finiteelement modeling (FEM) of the current flow to verify that the underlying cortices were being effectively targeted (Figure 1 ; Kempe, Huang, & Parra, 2014; Ruffini, Fox, Ripolles, Miranda, & PascualLeone, 2014) .
In this study, we controlled for many different tDCS parameters that are known to affect behavioral outcomes. Specifically, the inten- The overall setup took about 15 min from the stop of stimulation to the initiation of the MEG session, which was by design given the findings of two recent studies. Briefly, one study found that the level of cortical excitability in the motor cortex peaks about 20 min after the cessation of tDCS, and then slowly dissipates over the next 70-90 min (Kuo et al., 2013) . Consistent with these data, Bachtiar et al. (2015) reported that local GABA decreases following 20 min of anodal tDCS peaked about 20 min after stimulation, and remained decreased through the remainder of their magnetic resonance spectroscopy (MRS) study. Thus, we aligned our MEG recording session to coincide with the period of maximum effect according to these two tDCS studies. Before analyzing reaction time data, we performed standard datatrimming procedures. First, we excluded incorrect and no response trials. Next, we calculated each participant's mean and SD of reaction times across congruent and incongruent conditions separately. We trimmed trials that were 2.5 SD or more away from the participant's response mean. This trimming procedure eliminated a mean percentage of 2.63% of congruent trials and 2.81% of incongruent trials across the three groups, and this difference was not significant between conditions, t(47) = 0.697, p = .489. This trimming procedure eliminated a mean percentage 3.03, 2.66, and 2.47% of trials for the anodal, cathodal, and sham groups, respectively, and there was no significant difference between the three groups, F(2, 45) = 1.98, p = .150. After this trimming procedure, we used the remaining trials to calculate the mean reaction times for each condition per participant. Once reaction time data were computed, they were subjected to a 2 × 3 mixed-model ANOVA. In this ANOVA, flanker condition (congruent and incongruent) was a within-subjects factor and group (anodal stimulation, cathodal stimulation, and sham) was a between-subjects factor. Accuracy data were also calculated but were not compared due to a ceiling effect in performance across conditions and groups (all means >98.6%). This is consistent with our previous work using this version of the flanker task .
| MEG experimental protocol and behavioral data analyses
| MEG data acquisition and coregistration with structural MRI
All recordings were conducted in a one-layer magnetically-shielded room with active shielding engaged. Neuromagnetic responses were sampled continuously at 1 kHz with an acquisition bandwidth of 0.1-330 Hz using an Elekta MEG system with 306 magnetic sensors, including 204 planar gradiometers and 102 magnetometers (Elekta, Helsinki, Finland). Using MaxFilter (v2.2; Elekta), MEG data from each participant were individually corrected for head motion and subjected to noise reduction using the signal space separation method with a temporal extension (Taulu, Simola, & Kajola, 2005; Taulu & Simola, 2006) .
Prior to MEG measurement, four coils were attached to the subject's head and localized, together with the three fiducial points and scalp surface, with a 3-D digitizer (Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT). Once the subject was positioned for MEG recording, an electric current with a unique frequency label (e.g., 322 Hz) was fed to each of the coils. This induced a measurable magnetic field and allowed each coil to be localized in reference to the sensors throughout the recording session. Since coil locations were also known in head coordinates, all MEG measurements could be transformed into a common coordinate system. With this coordinate system, each participant's MEG data were coregistered with T1-weighted structural magnetic resonance images (sMRI) prior to source space analyses using BESA MRI (Version 2.0). After beamformer analysis (see below), each participant's functional images were transformed into standardized space using the transform that was applied to the structural images and spatially resampled.
| MEG preprocessing, time-frequency transformation, and sensor-level statistics
Cardiac artifacts were removed from the data using signal-space projection, which was accounted for during source reconstruction (Uusitalo & Ilmoniemi, 1997) . The continuous magnetic time series was divided into epochs of 2,000 ms duration (−500 to 1,500 ms), with 0.0 s defined as stimulus onset (i.e., arrows) and the baseline defined as the −300 to −50 ms time window. Epochs containing artifacts were rejected based on a fixed threshold method, supplemented with visual inspection. After artifact rejection, an average of 172.10 (SD: 8.21) epochs across both conditions remained in each participant, and there were no significant differences across the three groups or by condition (all ps > .19).
Artifact-free epochs were transformed into the time-frequency domain using complex demodulation with finite impulse response (FIR) filters (Hoechstetter et al., 2004) . The low/high frequency cutoffs were set to 2-50 Hz, with a temporal resolution of 50 ms and frequency bins of 1 Hz. The resulting spectral power estimations per sensor were averaged over trials to generate time-frequency plots of mean spectral density. These sensor-level data were normalized using the baseline power in each bin, which was calculated as the mean power during the −300 to −50 ms time period. The specific timefrequency windows used for imaging were determined by statistical analysis of the sensor-level spectrograms across both conditions (congruent and incongruent trials) and all participants for each gradiometer in the array. Briefly, each data point in the spectrogram was initially evaluated using a mass univariate approach based on the general linear model. To reduce the risk of false positive results while maintaining reasonable sensitivity, a two stage procedure was followed to control for Type 1 error. In the first stage, one-sample t-tests were conducted on each data point and the output spectrogram of t-values was thresholded at p < .05 to define time-frequency bins containing potentially significant oscillatory deviations across all participants and conditions. In stage two, time-frequency bins that survived the threshold were clustered with temporally and/or spectrally neighboring bins that were also above the (p < .05) threshold, and a cluster value was derived by summing the t-values of all data points in the cluster. Nonparametric permutation testing was then used to derive a distribution of cluster-values and the significance level of the observed clusters (from stage one) were tested directly using this distribution (Ernst, 2004; Maris & Oostenveld, 2007) . For each comparison, at least 10,000 permutations were computed to build a distribution of cluster values. Based on these analyses, the time-frequency windows containing significant oscillatory events across all participants and conditions were selected for imaging.
| MEG imaging, voxel time series extraction, and voxel-based statistics
Using the time-frequency windows determined by the analysis described above, cortical networks were imaged through an extension of the linearly constrained minimum variance vector beamformer (Gross et al., 2001) , which employs spatial filters in the frequency domain to calculate source power for the entire brain volume. This approach is commonly referred to as the dynamic imaging of coherent sources (DICS) method. The single images are derived from the cross spectral densities of all combinations of MEG gradiometers averaged over the time-frequency range of interest, and the solution of the forward problem for each location on a grid specified by input voxel space. Following convention, we computed noise-normalized source power per voxel in each participant using active (i.e., task) and passive (i.e., baseline) periods of equal duration and bandwidth. Such images are typically referred to as pseudo-t maps, with units (pseudo-t) that reflect noise-normalized power differences (i.e., active vs. passive) per voxel (Hillebrand, Singh, Holliday, Furlong, & Barnes, 2005) . MEG preprocessing and imaging used the Brain Electrical Source Analysis (BESA V6.1; Gräfelfing, Germany) software. sors") data corresponding to the peak voxel of each cluster were extracted. Specifically, we selected the voxel with the highest t-value per significant cluster in the one-sample t-test across both conditions and all three groups for virtual sensor extraction. To create the virtual sensors, we applied the sensor weighting matrix derived through the forward computation to the preprocessed signal vector, which yielded a time series for the specific coordinate in source space. Note that the peak voxel was found using data from all participants and that the data corresponding to this voxel was extracted from each participant's image individually, once the coordinates of interest (i.e., one per cluster) were known. Once these virtual sensors were extracted, absolute and relative time series data (see below) were averaged over the timewindow of interest and subjected to one-way ANOVAs to statistically test for effects of tDCS. To avoid potential biases from partial volume effects (i.e., differences in the sensitivity of the imaging device to neural activity in different brain areas), an ANOVA was conducted for each virtual sensor (peak voxel), which is consistent with the mass univariate approach that is typically employed in neuroimaging. Bonferroni correction was used to adjust p-values for the multiple (three) ANOVAs per time-frequency window.
3 | RESULTS
| Behavioral data
All 48 participants were able to complete the tDCS stimulation protocol followed by the flanker task during MEG. Following completion of the full study, participants were asked to describe the sensations experienced during tDCS. Participants who underwent active tDCS tolerated the stimulation well and reported only mild side effects (e.g., tingling or itching sensations), which were also reported by some participants in the sham group. Mean reaction times and accuracy rates per condition and group are reported in Table 1 . One male participant from the anodal tDCS group was excluded from the reaction time analysis because he performed much slower than the rest of the group (i.e., >2 SD above the mean). With this participant excluded, the reaction time data were consistent with the homogeneity of variance assumption of the ANOVA. Reaction time data were subjected to a 2 × 3 mixed-model ANOVA, with condition (congruent/incongruent) as a within-subjects factor and group (anode/cathode/sham) as a between-subjects factor. For reaction time, we found significant effects of condition, F(1, 44) = 107.44, p < .001, η 2 = .71, and tDCS group, F(2, 44) = 3.894, p = .028, η 2 = .15. The condition-by-group 
| MEG sensor-level data
Sensor-level spectrograms were statistically examined using nonparametric permutation testing to derive the precise time-frequency bins for follow up beamforming analyses. These analyses indicated significant clusters of sustained decreases (i.e., desynchronization) in 9-14 Hz alpha activity across all participants that began about 200 ms after stimulus onset and started dissipating after 450 ms (p < .05, corrected; Figure 3 ). There was also a cluster of increased theta (4-7 Hz) activity that began about 200 ms after stimulus onset, was sustained through 450 ms, and then slowly dissipated after 650 ms (p < .05, corrected; Figure 3 ). To evaluate the dynamics and identify the brain regions generating these oscillatory events, significant time bins of 250 ms duration (200-450 ms) for alpha and theta activity were imaged across both congruent and incongruent conditions together. We collapsed across the two conditions for source reconstruction because the condition-by-group interaction effect for reaction time was not significant, suggesting that tDCS had a more general effect on flanker task processing. Note that we did not image any time bins after 450 ms because participants had already responded and the focus of the study was on visual attention processes during flanker task performance. Each time window was imaged using a baseline period of equal bandwidth and duration (−300 to −50 ms).
| MEG beamforming and virtual sensor results
One-sample t-tests were initially conducted on the alpha and theta images across both conditions and all three groups. These maps indicated that alpha activity significantly decreased (i.e., desynchronization) in the bilateral occipital and right inferior parietal cortices during the , uncorrected; Figure 4 and Table 2 ). Motor-related activity was also detected in the contralateral sensorimotor strip, but as stated above was beyond the scope of this study. Next, we identified the voxel with the highest t-value per significant cluster, and extracted the absolute and relative time series data corresponding to these voxels. For clarity, relative responses are typically referred to as task-related oscillatory neural responses and are computed by dividing the power of each post-stimulus data point by the mean baseline power (−300 to −50 ms), and then multiplying the resulting quotient by 100%. Absolute responses are simply the power of the current, irrespective of the baseline, and allow spontaneous activity levels during the baseline to be quantified. Both types of activity reflect the same underlying neural data; the baseline normalization is the only difference. In this study, we computed the relative time series to identify tDCS-related alterations in task-related oscillatory activity during flanker task performance (200-450 ms), and used the absolute time series to probe tDCS-related differences in spontaneous activity during the baseline period (−300 to −50 ms). Lastly, we computed Pearson correlations between mean reaction time across all trials and the power of task-related neural oscillations during task performance across the three groups. To correct for any differences in power between the groups, we mean centered the data from each group by subtracting the individual group averages for each variable before computing correlations.
| Theta activity
Statistical analyses of task-related neural oscillatory activity using Figure 6 . In all cases, weaker taskrelated theta oscillations were associated with longer reaction times (i.e., slower responses).
FIGURE 4
Peak task-related oscillatory responses across all groups and conditions. (Left) One-sample t-test of group beamformer images of task-related theta activity (4-7 Hz, 200-450 ms) across both conditions and all participants thresholded at p < 1 × 10 −8 , uncorrected. There were significant theta increases in the left DLPFC, the left insula, and the right DLPFC. Peak voxels were identified in each cluster (marked by stars) and used for virtual sensor extraction.
(Right) One-sample t-test of group beamformer images of task-related alpha activity across both conditions and all participants. There were significant alpha decreases in the bilateral occipital cortices and the right inferior parietal cortices. Note that this image is shown at a higher statistical threshold (i.e., p < 1 × 10 −12 , uncorrected) than was used in the formal analysis (p < 1 × 10
, uncorrected) in order to improve visualization of the peaks within each cluster. Peak voxels were identified in each cluster (marked by stars) and used for virtual sensor extraction. The location, size, and peak value of all clusters is reported in Table 2 [Color figure can be viewed at wileyonlinelibrary.com] 
| DISCUSSION
In the present study, we investigated the effects of occipital tDCS on behavioral performance, spontaneous activity, and the task-related oscillatory dynamics serving flanker task performance in healthy adults.
We found that anodal tDCS had significant effects on reaction time such that the anodal group had significantly slower reaction times in comparison to both the cathodal and sham groups. Since there was no interaction effect between flanker condition and stimulation group, anodal tDCS did not have a significant effect on conflict processing but rather seemed to have a more generalized inhibitory effect on visual attention processing. In regard to the MEG data, significant task-related oscillatory responses in both the alpha (9-14 Hz) and theta (4-7 Hz) bands were reconstructed using beamforming, and the effects of tDCS on spontaneous activity during the baseline and task-related oscillatory activity during performance were assessed across both conditions together, since there was no condition-by-group interaction effect in the behavioral reaction time data. These data indicated that spontaneous theta activity was significantly modulated by tDCS, such that the anodal group had elevated baseline theta compared with the cathodal and sham groups in the bilateral DLPFC and the left insula. Likewise, anodal tDCS also significantly modulated task-related theta oscillations during flanker task performance, as such activity was reduced in the anodal group compared with the cathodal and sham groups in the bilateral DLPFC and left insula. Interestingly, the strength of theta oscillations in all three brain regions was significantly correlated with reaction time, with weaker task-related theta responses being associated with slower behavioral responses. Spontaneous alpha activity during the baseline period was similarly affected by anodal tDCS, as the anodal group had significantly higher alpha power compared with both the cathodal and sham groups in the bilateral occipital cortices, as well as the sham group in the right inferior parietal region. However, unlike theta, these changes in spontaneous alpha activity were not associated with significant task-related changes in oscillatory activity within these The observed effect of tDCS on theta activity was likely our most important finding. Essentially, we showed large tDCS-induced alterations in spontaneous theta activity during the baseline and sharply reduced task-related theta oscillations during task performance. Previous normative work from our group has shown that the flanker task induces task-related theta oscillatory dynamics across prefrontal cortices in healthy adults, and that these oscillatory dynamics are directly tied to performance on the task . Specifically, this previous MEG study, which used the same flanker task in a completely independent sample, showed that the peak latency of prefrontal task-related theta oscillations was significantly correlated with reaction time in individual participants for congruent and incongruent trials . The correlations from the present study demonstrate that there is also an inverse relationship between reaction time and task-related theta oscillatory activity, such that less prefrontal oscillatory power is associated with slower reaction times.
Of note, we did not examine the peak latency of theta oscillations in this study because many participants in the anodal tDCS group had very weak responses that did not have a clear peak. Importantly, the current data suggests that the anodal tDCS montage reduced task- (Wilson, HeinrichsGraham, & Becker, 2014) , and the overall implications are that the elevated spontaneous activity impairs local processing. Finally, there is one previous MEG study that has examined the effects of tDCS on theta activity, and this study found that anodal tDCS over the motor cortices led to more theta desynchronization during an offline swallowing task in patients with Parkinson's disease (Suntrup et al., 2013) , which is obviously different from the present study.
Beyond theta, spontaneous alpha activity was also elevated in the anodal tDCS group, although task-related oscillatory activity was not clearly affected. A previous study by Marshall et al. (2016) is at least partially consistent with these findings, as they showed that concurrent cathodal tDCS led to reduced overall alpha power when compared with concurrent anodal tDCS, and they did not find any changes for task-related alpha oscillations. While we did not find a significant change in spontaneous alpha for the cathodal tDCS group in the present study, this previous work supports the notion that tDCS can lead to changes in spontaneous activity. Our two previous MEG studies using tDCS, which involved roughly 50% of the same participants, also showed the same net effect in that spontaneous alpha Baudewig, Nitsche, Paulus, & Frahm, 2001; Hilgenstock, Weiss, Huonker, & Witte, 2016; Hunter et al., 2015; Jang et al., 2009; Keeser et al., 2011; Krishnamurthy, Gopinath, Brown, & Hampstead, 2015; Pena-Gomez et al., 2012; Polania, Nitsche, & Paulus, 2011a; Polania, Paulus, Antal, & Nitsche, 2011b; Stagg, O'Shea, et al., 2009b; Stagg et al., 2014) . Thus, much work remains to be completed in regard to illuminating how tDCS affects brain activity.
In conclusion, this study is the first to show that occipital tDCS alters the offline neural oscillatory dynamics serving visual attention, and thereby modulate performance on a flanker task. These findings
are novel and open up potentially new applications in linking neuronal activity and cognitive performance. Before closing, it is important to recognize several limitations of the current study. First, unlike some tDCS studies, we did not use a repeated-measures design for administering the stimulation, as we wanted to avoid the possibility of carryover effects and ensure that none of the participants had previously undergone tDCS (i.e., to guarantee blinding). For these reasons, the current study opted for an independent-samples approach, which is consistent with the study design adopted by the overwhelming majority of pharmaceutical trials. Nonetheless, while statistically-significant differences between randomly assigned and demographicallybalanced groups prior to any intervention are very unlikely, we cannot guarantee that such differences did not exist in our sample and consequently this should be seen as a limitation. Second, the occipitalsupraorbital montage used in this study was designed to maximize stimulation of the occipital cortices, but it is possible that the right DLPFC was unintentionally stimulated (i.e., inhibited during the anodal occipital condition) by the supraorbital electrode. Future studies should confirm our findings using different montages, such as those incorporating an extracephalic location as the reference or those using a larger stimulation pad to lower the current density at the cathode location. Third, we did not examine the site-or task-specificity of the behavioral slowing observed in the occipital anode condition, and future studies should directly evaluate the specificity. In conclusion, applying anodal tDCS to the occipital cortices significantly modulated performance on the flanker task, spontaneous activity in the theta and alpha bands, and task-related theta oscillatory dynamics. Thus, this modulation occurred across two frequency bands and in multiple cortical areas both near the electrodes and in distant sites that were connected to the brain regions targeted for stimulation. Lastly, our data suggest that the net effect of tDCS on behavior and neural activity is strongly dependent on the polarity of stimulation.
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